Research in the field of aerobic oxidation has recently gained much attention from both academia and industry. The main reason for this has to be found in the inherent greenness of such methods. Although much investigation has been undertaken to develop new methods and reactions and to elucidate the mechanistic aspects of this chemistry, its applications in the synthesis of heterocycles have been relatively limited. In this review, the recent developments in this field are summarized.
Oxidative Isocyanide Insertion 3.1 Formation of C-C + C-heteroatom bonds 3. 2 Formation of two C-heteroatom bonds 3. 3 Isocyanide insertion / acyl migration 4.
Oxidative CO Insertion 5.
Oxidative Friedlander annulation -Acridine Synthesis 6.
Oxidative N-Heteroatom Bond Formation 6.1 Oxidative N-N bond formation 6.1.1 Synthesis of pyrazoles and indazoles 6.1.2 Synthesis of triazoles 6.2 Oxidative N-O, N-S, and N-Se bond formation 7.
Oxidative C-Heteroatom Bond Formation 7.1 Oxidative C-N bond formation 7.2
Oxidative C-O and C-S bond formation 8.
Intermolecular Oxidative Cyclization with Unsaturated Moieties 8.1 Synthesis of imidazole derivatives via cyclization of amidines with electron-poor alkenes 8. 2 Synthesis of benzofurans via cyclization of phenols with alkynes 8. 3 Miscellaneous cyclizations with alkynes 9. Conclusions
Introduction
Aerobic oxidation chemistry (i.e. the use of O 2 as terminal oxidant in a chemical reaction) is a research field for which a steadily growing interest has been observed during the last 2 decades (Figure 1, left) . [1] [2] The increasing interest in green and sustainable chemistry from both academia and industry surely has an important role in this. As oxidations (in a general sense) are widespread reactions, the possibility to use an abundant, cheap, benign, and atom economic reagent for these transformations is a considerable motivation for all researchers in this field. Due to its clear advantages, O 2 has long been employed in several industrial processes, mostly for the production of bulk chemicals, such as cumene hydroperoxide (for the production of phenol and acetone) and cyclohexanone (production of polyamides). 3 For these compounds, produced in very large scale and with a low market price, the use of oxygen is the only economically viable option. However, the employment of O 2 in chemical processes also has several drawbacks, which somewhat limit its applications. The inefficient masstransfer of the gas into solution calls for high pressures to be used to speed up the reaction. On the other hand, a high O 2 pressure in the presence of a flammable solvent at high temperatures represents an important safety hazard. Many aerobic industrial processes for the synthesis of bulk chemicals, therefore, utilize synthetic air (5-10% O 2 in N 2 ) instead of pure O 2 . The low reaction rate achieved in this way (due to the low 
Csp 3 -H bond Oxygenation
While many of the aerobic processes for the synthesis of heterocycles involve oxidase-type mechanisms, one common exception is the oxygenation of Csp 3 -H bonds as a crucial step in the formation of the heterocycle. Two strategies can be in particular distinguished: the oxidation of C-H bonds to carbonyls, followed by in-situ condensation with an amine (new C-N bond in the heterocycle); and the oxygenation of C-H bonds, followed by radical coupling of the newly installed oxygen with activated carbon moieties, leading to new C-O bonds.
Oxygenation / condensation with amines
The condensation of a carbonyl and an amine to give an imine is a common reaction encountered in the synthesis of aza-heterocycles. An interesting approach is the in-situ formation of the carbonyl reactant from the corresponding precursors. The formation of ketones or aldehydes, or analogous intermediates, can be directly achieved via Cu-/Fe-catalyzed aerobic oxidation of alcohols (oxidase) or direct oxygenation of activated (e.g. benzylic) methylenes (oxygenase), according to Scheme 1.
Another possible method is the iodine-catalyzed Kornblum oxidation, which provides access to carbonyls from the corresponding methylenes in an indirect way. In this case the oxygen atom in the carbonyl comes from DMSO. Being an indirect oxidation, heterocyclic synthesis involving this process will not be treated here. [7] [8] The carbonyl obtained under aerobic conditions can then be transformed in-situ into an imine. In the synthesis of heterocycles, this step generally does not constitute the ring-closing step, so that this process is intermolecular, and is typically followed by an intramolecular nucleophilic attack to the imine carbon or a cyclization at the methylene alpha to the nitrogen, furnishing the desired aza-heterocycle (Scheme 1).
Scheme 1.
Possible pathways for the synthesis of aza-heterocyclic cores via Csp 3 -H oxygenation followed by condensation with amines.
The synthesis of quinazolinones and other diheterocycles (2-5) has been reported by Zhou/Yin making use of 2-methylaza-heterocycles 9 or phenylacetic acids 10 as aldehyde precursors, according to Scheme 2A-B. While the first method is more atom economic, it has the limitation of only working on 2methylaza-arenes as aldehyde precursors, due to its mechanism (see Scheme 2, bottom). 9, 11 The second method required prefunctionalized, though easily accessible, precursors, but a larger variety of aryl and heteroaryl substituents could be employed. 10 A variety of other oxidants tested with this methods resulted in no reaction.
The use of 2-methylaza-arenes was also reported by Yan for the synthesis of functionalized quinolines 8 and pyrroloquinoxalines 9 ( Scheme 2C). 12 Very notably, it was shown that apart from 2-methylpyridines and 2-methylquinolines, also 4-methylpyridine was effective in the reaction, although 4-methylquinoline was not. In this protocol, after the formation of the imine moiety, an electrocyclization reaction takes place, leading to ring closure. Aromaticity is then re-established by oxidation.
While this method is limited to activated picolines as reactants, the introduction of an alkyl chain in the pyrroloquinoxaline scaffold is possible using aliphatic alcohols as reactants. These are oxidized to the corresponding aliphatic aldehyde, which undergo cyclisation giving the desired scaffold 10. The aerobic oxidation of N-aryl pyrroles 7 with alcohols has been reported using superstoichiometric Fe, 13 but noteworthy is the metal-free version reported by Jiang in 2017 ( Scheme 2D). 14 The mechanism of the Cu-catalyzed oxidation of 2-methylpyridines has been studied in details by Maes and co-workers, 11 and is at the base of the lack of reactivity of 3-methylpyridines observed by Zhou/Yin. 9 The reaction is initiated by an imine-enamine tautomerism, which cannot occur in the 3-methyl isomer. Reaction of the enamine tautomer with Cu/O 2 results in the formation of the aldehyde intermediate, or a peroxide intermediate which directly reacts with the amine. 9 The mechanism of the decarboxylative protocol is suggested to occur via aerobic oxidation of the methylene alpha to the carboxyl moiety, followed by decarboxylation, leading to the corresponding benzaldehydes ( Scheme 2, bottom). 10 (hetero)aromatic precursors tolerated in the synthesis of 2-aminobenzimidazole derivatives. Again high yields were obtained from electron-rich starting materials (substituent on Ar) using only 1% Pd, while strong electron-withdrawing groups required the use of higher catalyst loadings. Concerning the scope in isocyanides, a few aliphatic substituents were tolerated such as tBu, cyclohexyl, pentyl and iPr. The use of iPrNC as reactant resulted in certain amounts of side-products 32-33, derived from the insertion of two and three equivalents of isocyanides. 24 A similar insertion of two molecules of isocyanide was also reported by Jiang and co-workers. In this case, a change in catalyst and reaction temperature proved crucial to selectively obtain the mono-or di-insertion product (34 and 26, Scheme 7B). 25 A large variety of isocyanides was suitable for both transformations, including functionalized aliphatic, benzylic and aromatic isocyanides. Moreover, several other N,O heterocycles, including dibenzoxazepines 39, were prepared using similar conditions. Several other reports on the synthesis of related heterocycles were recently published, [26] [27] and an original decarboxylative variation was reported by Sharada in 2015. Here the authors employed isatoic anhydrides 40 as starting materials, which undergo decarboxylation-amination and isocyanide insertion in a one-pot fashion, to provide 2-amino-4-quinazolinones 28 (Scheme 7C). 28 The use of molecular sieves was essential for obtaining good yields. The same transformation was achieved using Ag 2 CO 3 as oxidant by Cai. 29 A comparison of the results obtained for this reaction with different oxidants is reported in Scheme 7C. Although higher yields were obtained with Ag or Cu oxidants rather than O 2 , the use of two equivalents of the metal makes these options considerably more wasteful and more expensive.
The proposed mechanism for the isocyanide insertion between two heteroatoms (Scheme 7, bottom) 24 is only slightly different from the one shown in Scheme 6, however other mechanisms have been suggested to account for the formation of deamination side-products, sometimes observed in small amounts. 25 
Isocyanide insertion / acyl migration
In 2014, while designing a catalytic system able to tolerate strongly coordinating heterocyclic substituents in group-directed C-H functionalization, 30 Yu et al. discovered a new reactivity pattern in isocyanide insertion. Subjecting N-methoxy amides 41 to Pd-catalyzed aerobic isocyanide insertion, instead of the expected aminosubstituted heterocycles, compounds 42 were isolated in high yields ( Scheme 8). 31 These are formed by an initial isocyanide insertion, followed by a 1,3 acyl migration process, resulting in the incorporation of both the C and N atoms into the ring. Counter-intuitively, the reaction performed much better under air than under O 2 . This was later proved to be due to the faster oxidation of the isocyanide to isocyanate under O 2 , and the concomitant inhibition of the insertion reaction. 32 Detailed mechanistic investigation of this process has been undertaken by Stahl 32 
Oxidative CO Insertion
As mentioned in the previous section, oxidative carbonylations catalyzed by transition metals have been explored even before the use of related isocyanides. As these transformations have already been reviewed, [34] [35] and generally follow the same mechanism as described for isocyanides, these will not be treated in depth here. Nonetheless, a few recent applications have appeared in the literature that are worth mentioning. As the mixture CO/O 2 can generate considerable safety hazard, particular attention must be given to the reaction conditions (in particular pressure and ratio of the two gases), to avoid explosive mixtures.
While CO insertions are typically catalyzed by Pd, Kaneda and co-workers disclosed the use of hydrotalcitesupported Au nanoparticles (Au@HT) as a heterogeneous catalytic system for the carbonylation of aminophenols, leading to benzoxazolinones and benzimidazolones 43-44 ( Scheme 9A). 36 The solid catalyst could be recycled and re-used for a few runs without a reduction in yield, and no leaching was detected from the heterogeneous system.
Interesting cascade reactions were reported under Pd catalysis by Gabriele/Mancuso/Della Ca' for the synthesis of 8-membered lactams 46 and fused furo [3,4- 
Scheme 9B-C). [37] [38] The same authors also reported the Pd-catalyzed carbonylation of aminoalcohols/phenols in an ionic liquid ( Scheme 9D). 39 Notably, after separation of the products, the ionic liquid medium (with the catalyst) could be recycled several times.
A continuous-flow version of this reaction was recently reported by Kappe ( Scheme 9E). 40 While in batch the use of a large excess of CO or the use of air instead of pure O 2 is required to provide a certain operational safety, the use of flow allowed the use of equal pressures (and lower excesses than in batch) of CO and pure O 2 in a safe manner. A range of 5-and 6-membered heterocycles were synthesized with this flow process. 
Oxidative Friedlander Annulation -Acridine Synthesis
The Friedlander annulation of 2-acyl or 2-formylanilines with ketones for the synthesis of quinolines has been known for over a century. [41] [42] An interesting application of this chemistry in combination with aerobic oxidation has been recently explored for the formation of acridine cores. The role of oxygen here is limited to the dehydrogenation of the aliphatic ring introduced with the Friedlander reaction, and therefore not strictly involved in the synthesis of the heterocycle itself. Despite not being a general, common strategy for the synthesis of heterocycles, the importance of the acridine core and the lack of other general aerobic oxidation strategies for the synthesis of this specific moiety justify the addition of a small section in this review.
Wang first reported in 2016 a metal-free method employing both TBHP and O 2 as oxidants, under acidic conditions (54, Scheme 10). 43 The same protocol could be applied for the synthesis of other heterocycles, employing 3amino-2-acylbenzofuranes (55) . Basing their studies on this report, Wu and Deng developed analogous processes under Pd catalysis, which avoided the use of TBHP ( Scheme 10). [44] [45] The postulated mechanism for this process involves an acid-catalyzed dehydrative coupling of 2-acylanilines and cyclohexanone (Friedlander annulation), followed by dehydrogenation, leading to the desired acridine core. This mechanism is supported by the formation of quinolines 56 when using nonaromatizable ketones, 44 and by the isolation of the oxygenated intermediate 57. 43 Scheme 10. Aerobic oxidative synthesis of acridine cores via Friedlander annulation. 
Oxidative N-Heteroatom Bond Formation

Oxidative N-N bond formation
Oxidative N-N bond formation is not a major research field in organic synthesis, but has been reported in the past to occur using strong oxidants or stoichiometric/superstoichiometric amounts of Cu. [46] [47] Since the 2000s, several reports have appeared on the use of catalytic Cu/O 2 combination as a greener alternative. These methods can be exploited for the synthesis of pyrazoles, indazoles, or triazoles, which are traditionally synthesized using reagents already containing a N-N bond (i.e. hydrazines).
Several variations for the synthesis of such heterocycles have been reported with the Cu/O 2 methodology, often in a cascade or one-pot fashion. In such cases, an initial intermolecular reaction (typically non-oxidative) provides a suitable coordinating N,N substrate, which, upon coordination with Cu, can be oxidatively coupled by a reductive elimination-like process. The role of oxygen is presumably the reoxidation of the resulting reduced Cu species, allowing catalyst turnover (oxidase-type). While the second step (oxidative N-N bond formation) seems to be fairly easy under these conditions, the overall outcome of the reaction can be very dependent on the starting materials used and the coupling method. 6.1.1 Synthesis of pyrazoles and indazoles. Pyrazoles are typically synthesized by reaction of hydrazines, hydrazones or analogues with alkynes, diols/diketones, or -unsaturated carbonyls. 48 A variety of different pathways and synthons can be exploited for a N-N bond-forming process. In 2010 Glorius disclosed the serendipitous formation of pyrazoles upon treatment of enaminones 58 with Cu(OAc) 2 in acetonitrile. 46 Although this reaction required 1.5 eq. of Cu and was actually sensitive to O 2 atmosphere, the protocol was later improved to employ only catalytic amounts of Cu (10%) and O 2 as oxidant. 49 This reaction worked efficiently with a range of substituted enaminones and nitriles, either aliphatic or aromatic, proving a versatile method for the synthesis of 1,3,4,5-tetrasubstituted pyrazoles 59 ( Scheme 11A). Nonetheless, the reaction outcome in aerobic conditions varied considerably depending on the substrate and the nitrile used, and the yields obtained were comparable or lower than with stoichiometric Cu.
Another important pyrazole synthesis was published by Jiang in 2014, occurring via a Cu-catalyzed multicomponent reaction between oximes, anilines and formaldehyde, furnishing 1,3-disubstituted (mostly diaryl) pyrazoles 61 ( Scheme 11B). 50 The reaction under N 2 gave good yields of the corresponding pyrazoline 62, suggesting O 2 to be only involved in the dehydrogenation of the ring, rather than the N-N bond formation itself. This process is here likely promoted by the oxime moiety, which acts as an internal oxidant. A similar approach was independently described by Cui and co-workers. In this case, the cyclization of tosylimines and oxime esters also resulted in pyrazolines, but also required superstoichiometric Cu salts. 51 Although the reaction was performed under air, aerobic oxygen was probably not essential for the process, due to the high amounts of Cu used.
For the synthesis of indazoles 63, the Glorius group reported a tandem process involving Rh-catalyzed group-directed 30 C-H amidation (intermediate 64) and subsequent Cu-catalyzed aerobic N-N bond formation ( Scheme 11C). 52 An analogous cascade process, only employing Cu as catalyst for both the directed C-H sulfonamidation and the N-N coupling was reported in 2014 by Zhu, but under inert conditions (the azide was suggested to act as both coupling partner and oxidant). 53 Another indazole synthesis was reported by Chen and Tang in 2016 starting from ortho-aminobenzonitriles ( Scheme 11D). 54 Ketimines 65 were prepared from the nitriles via reaction with a Grignard or organolithium reagent, and subsequent Cu-catalyzed oxidation resulted in the desired indazoles 66. As a range of organometallic species and N-substituents could be tolerated under these conditions, this method appears complementary to Glorius's procedure, and several compounds were prepared in a multigram scale. 54 When a N-aryl substituted substrate was employed, the aerobic oxidation also resulted in a cascade ortho hydroxylation of the N-aryl ring (67) . 55 Also in this instance the reaction proved robust and good-yielding even at gram scale. It is noteworthy that the use of indazole as a pre-formed directing group was inefficient for the hydroxylation, as well as the amino group alone. 55 The addition of amidines to isothiocyanates, followed by intramolecular N-S coupling, results in 5-amino-1,2,4-thiadiazoles 89, another important heterocyclic core ( Scheme 14B). 66 Although the cascade process gave lower yields than the intramolecular coupling starting from the intermediate imidoylthioureas, the reaction could still be completed in short time (2-6 h) and without else than Cu(OTf) 2 and Cs 2 CO 3 , required for the N-S coupling. An extension of this protocol was recently reported by Jiang and Wu, who employed 2-aminopyridines as substrates to synthesize thiadiazolopyridines 90 ( Scheme 14C). 67 The reaction was fairly sensitive to the substitution pattern of both coupling partners, but high yields could be obtained for several examples.
Benzoisothiazolones 92 68 and benzothiadiazinones 95 69 can be prepared in high yields from 2mercaptobenzamides 91 or 2-mercaptophenylureas 94 under aerobic CuI catalysis, as demonstrated respectively by Kanai/Kuninobu and Dogan ( Scheme 14D-E). N-aryl and N-alkyl substituents are tolerated in both protocols, and one example of benzothiazetidine 93 was also reported in 84% yield. 68 A couple of interesting metal-free protocols for similar couplings have also been reported. The synthesis of 1,2,3-thiadiazole derivatives 97 was reported by Li and Jiang using iodine as a SET catalyst ( Scheme 14F), 70 while an oxidative N-Se bond formation strategy for the synthesis of 1,2,4-selenadiazoles 98 was recently disclosed by Ji/Wang and co-workers ( Scheme 14G). 71 The reaction of isocyanides with selenium powder results in the corresponding isoselenocyanates 101, which undergo coupling with the amidines and oxidative cyclization, giving the selenadiazoles. Considering the lack of metal catalyst in this process, the role of oxygen was suggested to be related to the oxidation of the anionic organic intermediate 102 formed upon addition of the imidine to the isoselenocyanate, leading to a Se-centered radical (103) . This radical might then undergo cyclization via different pathways ( Scheme 14). 71 
Oxidative C-Heteroatom Bond Formation
Oxidative C-N bond formation
The formation of Csp 2 -N bonds through oxidative C-H bond amination is a very common strategy for the synthesis of aza-heterocycles, and many examples have now been investigated under aerobic conditions. This transformation typically requires the use of transition metal catalysts, and many reports using Pd and other noble metals, as well as a variety of oxidants, were reported. 72 More recently, the use of Cu and other base metals have instead become predominant, and some procedures under metal-free conditions have also been successfully applied. Due to the many examples reported in the recent literature, only a selection will be reported in this section.
In 2008 Buchwald reported the synthesis of benzimidazoles 105 from amidines 104 using catalytic Cu(OAc) 2 and acetic acid as additive under an O 2 atmosphere ( Scheme 15A). 73 Similar procedures were then employed for the synthesis of pyrido[1,2-a]benzimidazoles 107 by Zhu/Zhang 74 and Maes, 75 and for the synthesis of 1,4-dihydropyrazine moieties 109 by Fu ( Scheme 15B-C). 76 The mechanism of this reaction is not certain, and different views are reported in the literature, but the role of the acid seems to be related to the formation of a more electrophilic Cu intermediate, as more electron-withdrawing carboxylates were shown to be more effective in some cases. 75 Several other syntheses have been reported using similar protocols in the presence of a base. Examples are imidazobenzimidazoles 111 and benzoimidazoquinazolinones 113, prepared in high yields despite the long reaction time (2 days or more), as reported by Fu (  Scheme 15D-E) . [77] [78] The Maes group reported the synthesis of purine derivatives 117 and 118 via aerobic formation of two different C-N bonds. While the formation of the C4-N9 bond in Scheme 15F-top required the use of a Fe catalyst in large amounts and 24 h reaction time in most cases, 79 the C5-N7 bond in Scheme 15F-bottom could be easily formed with Cu, either using O 2 (18 h reaction) or tBu 2 O 2 (2 h reaction) as oxidant. 80 Despite the longer reaction time required when using O 2 , the yields obtained in this case are often higher than those achieved with tBu 2 O 2 .
The synthesis of pyrazoles, indazoles, and similar compounds, which can be also prepared by oxidative N-N bond formation (Section 6.1), have been reported using this strategy, either under metal catalysis [81] [82] [83] or in metal-free conditions [84] [85] (  Scheme 15G-H) . Hydrazine derivatives need to be employed as starting materials in these cases, which have to be prepared beforehand.
Synthesis of imidazole derivatives via cyclization of amidines with electron-poor alkenes
The aerobic coupling/cyclization of 2-aminopyridines with α,β-unsaturated carbonyls to give 3aroylimidazo[1,2-a]pyridines 132 was first reported by Hajra in 2014 ( Scheme 18A). 94 The reaction was catalyzed by Cu salts under an O 2 atmosphere, and gave good yields (74-86%) of the desired compounds with complete regioselectivity. The reaction was shown to proceed via a noncatalyzed Michael addition of the 2-aminopyridine to the α,β-unsaturated carbonyl to give the intermediate shown in Scheme 18-bottom, followed by an oxidative cyclization and aromatization. The main limitation of this protocol was the necessity to use chalcones (or dibenzylideneacetone) as coupling partners. Aliphatic unsaturated ketones did not give any product, and benzylideneacetone gave only 26% yield of the corresponding heterocycle. 94 Other similar reports appeared in the following years, including a multicomponent process where the formation of the unsaturated carbonyl occurred in-situ via an aldol reaction, reported by Kumar, 95 and the extension of the procedure to cynnamaldehydes by Bharate and coworkers (133, Scheme 18B). 96 Hachem and Gree subsequently further extended the scope to γ-difluoroenones 134, albeit with limited yields ( Scheme 18C). 97 In 2015 an alternative catalytic method for this reaction was reported by Li et al., who introduced the use of Fe/I 2 as a double catalyst for the cyclization of amidines with chalcones, furnishing imidazoles 138 ( Scheme 18D). 98 The use of I 2 as co-catalyst facilitates the formation of the second C-N bond after the initial Michael addition. This made higher yields possible to achieve, and enlarged the substrate scope of the reaction. Fe/I 2 and Cu/I 2 catalytic systems were therefore subsequently employed for similar reactions. [99] [100] In particular, an interesting advancement was brought forward by Nguyen and co-workers, who performed the coupling of 2-aminopyridines and 2-aminopirimidines with cyclohexenones, previously not reactive in this type of transformation (139, Scheme 18E). 100 Notably, the use of I 2 or Fe alone in this case only resulted in the formation of the Michael adduct, without cyclization taking place.
The cyclization of aminopyridines with nitroalkenes under photoredox catalysis by Eosin Y, reported in 2016 by Singh and co-workers, is a variation of the reaction with chalcones described above. Under these conditions, however, a reversed selectivity was observed, and 3-arylimidazopyridines 140 were obtained instead of the corresponding 2-aryl derivatives ( Scheme 18F). 101 This reaction was also suggested to occur via a Michael addition (pyridine as nucleophile), although the origin of the different regioselectivity is not clear. Scheme 18. Cyclization of amidines/aminopyridines with electron-poor alkenes for the synthesis of imidazole and pyridoimidazole derivatives.
Synthesis of benzofurans via cyclization of phenols with alkynes
The synthesis of benzofurans via oxidative cyclization of phenols and alkynes has been known for quite some time. This reaction can be performed in different ways, for example in the presence of a transition metal catalyst with stoichiometric Cu as oxidant, [102] [103] or using N-phenoxyamides as internal oxidant, 104 but some interesting examples have been disclosed that make use of O 2 in the presence of catalytic Cu or Au.
A catalytic amount of Cu(II) salt and a stoichiometric amount of ZnCl 2 as Lewis acid under an O 2 atmosphere was demonstrated by Jiang to be a useful combination for this reaction in 2013. 105 The reaction performed efficiently with symmetric diarylalkynes and with arylalkylalkynes, in the latter case in a regioselective way (141 and 142, Scheme 19A). The same transformation was later reported by Guo using only a cationic Au(I) catalyst, affording similar results. 106 Important follow-up research on this transformation revealed that ZnCl 2 alone can promote the oxidative cyclization acting as both Lewis acid and oxidant in the absence of other reagents. 107 Satoh and Miura recently reported the synthesis of benzofurans from salicylaldehydes via an Ir-catalyzed decarbonylative coupling with alkynes ( Scheme 19B). 108 This reaction occurs with a completely different mechanism from the above coupling, furnishing overall much lower yields and requiring more complex reaction mixtures. Nonetheless, a dialkylalkyne could be coupled with a 29% yield, and the reaction with unsymmetric arylalkylalkyne gave the opposite regioisomer to the one obtained by Jiang with Cu/ZnCl 2 (cf. 142 and 143). Scheme 19. Formation of benzofurans via aerobic cyclization of alkynes with phenols or salicylaldehydes.
Miscellaneous cyclizations with alkynes
Halogenated imidazopyridines 144 and related compounds 145-148 could be prepared in good yields (60-80%) by cyclization of 2-aminopyridines with haloalkynes ( Scheme 20A). 109 As haloalkynes are prone to react via nucleophilic substitution/addition, or to dimerization, this is a remarkable transformation. Either iodo, bromo, or chloroalkynes proved suitable for this transformation, and a variety of aminopyridines and aminodiazines could be efficiently coupled. A non-radical mechanism was suggested for this reaction, involving migratory insertion of the alkyne into a N-Cu bond, followed by reductive elimination. 109 Scheme 20. Formation of various 5-membered heterocycles via aerobic cyclization of alkynes with different substrates.
Hu and co-workers reported an interesting synthesis of pyrrolo [2,1,5-cd] indolizines 150 via cyclization between indolizines 149 and diarylalkynes under Pd catalysis ( Scheme 20B). 110 The substrate scope for this reaction is limited to electron-poor indolizines (EWG in position 2 or 3) and to diarylalkynes (unsymmetrical alkynes give regioisomeric mixtures).
The synthesis of trisubstituted oxazoles 151 via a formal [2+2+1] cycloaddition between alkynes, nitriles and water under Cu catalysis was disclosed by Jiang in 2012 ( Scheme 20C). 111 Both diaryl and dialkyl alkynes were well tolerated, and regioselective products were obtained with unsymmetrical alkynes; moreover, a variety of nitriles (allylic, aromatic and aliphatic) could be incorporated into the final products. Although the mechanism was not studied in detail, some experiments suggested an initial nucleophilic attack of the nitrile to the Cu-activated alkyne, followed by nucleophilic attack of water to the cationic intermediate 152, and finally intramolecular C-O bond formation. 111 As for other reactions of this kind (Section 7), the role of oxygen is the re-oxidation of the reduced Cu species at the end of the catalytic cycle.
Conclusions
This review summarizes some of the recent developments in the synthesis of heterocycles making use of catalytic aerobic oxidation. Such oxidative processes can be applied to the formation of C-C, C-heteroatom, and heteroatom-heteroatom bonds, sometimes contributing to the formation of more than one bond at once. Because of this, a very large array of moieties can be accessed with these methods, and N-, O-, S-, and Secontaining heterocycles can be easily prepared, often with good yields and selectivity. The generally broad scope, combined with the low price and toxicity, and the high atom-economic nature of oxygen make it a very versatile and appealing reagent for the synthesis of heterocycles, when compared to other commonly used oxidants (e.g. hypervalent iodine species, peroxides, stoichiometric Cu or Ag salts).
The current state of the research in aerobic oxidation led to the identification of specific catalytic systems, such as Cu/O 2 , Fe/O 2 or I 2 /O 2 , which can be applied, with relatively little variation, to a number of processes, as can be seen in this review. These systems are now also being studied from a mechanistic perspective, and can be considered a starting point for future aerobic oxidation research projects.
As mentioned in the introduction, practical limitations to the use of gaseous O 2 exist, which somewhat prevent its use in the fine chemicals industry. Nonetheless, research in this field is very active, and adequate technology for the broader and safer use of aerobic oxidation processes might become available in the near future.
